Uterine involution involves substantial tissue destruction and subsequent repair and remodelling, with similarities to the microenvironments present during wound healing. Although involution is a physiologically normal process, it may generate a stressful microenvironment for the uterine cells, and thus it can induce the expression of heat shock proteins (HSPs), which were originally identified as stress-responsive proteins. The aim of this study was to determine the spatial and temporal expression and localization of four heat shock proteins (HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105/110) in the involuting rat uterus using immunohistochemistry. The HSPs were expressed in the luminal (LE) and glandular epithelium (GE), fibroblasts, mast cells, myometrial myocytes, perimetrial mesothelium and blood vessels, and each of the uterine tissues had distinctive patterns of HSP immunostaining. HSPD1/HSP60 was located in the cytoplasm, often with the granular appearance that is typical of organellar localization, whereas HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 were located in the nucleus and cytoplasm. The immunolocalization patterns of all HSPs in the LE showed alterations that accompanied involution, but no difference was observed in the other uterine cells. HSPs were localized in the apical and basal cytoplasm of the LE on postpartum days 1, 5 and 10, but only in the apical cytoplasm on day 3. Furthermore, on day 3, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 immunostaining in the crypts and GE were stronger than those in the LE, whereas on day 10, the nuclear HSP90 immunoreaction was stronger in the LE than in the GE. These observations suggest that HSPs may be involved in many physiological processes, such as cell cycle control, cell proliferation, regulation of cell death and survival, and differentiation during the involution process.
Introduction
The uterus is unique model for studying the cellular dynamics such as proliferation differentiation and apoptosis that occur in a temporal and cell-specific manner during the menstrual or oestrus cycle, pregnancy and postpartum involution. The uterine cellular dynamics are induced by the binding of ovarian hormones to oestrogen (ER) and progesterone receptors (PR) and the subsequent regulation of transcription of the target genes in this tissue. Evidence shows that the function of the steroid hormone receptors is regulated by a group of constitutively synthesized heat shock proteins (HSPs) (Picard, 1998) . HSPs, or stress proteins, are endogenous proteins that are either present constitutively, functioning as chaperones (Craig et al., 1994) , or induced upon cell stress, such as heat, oxidative stress, ischaemia, and hypoxia (Knowlton et al., 1991) . These proteins protect the cells from stressful stimuli by preventing the aggregation of unfolded proteins (Hendrick and Hartl, 1993) and may have critical functions during cell growth that are specifically associated with the cell cycle and the proliferative response (Milarski and Morimoto 1986; Galea-Lauri et al., 1996) . They also regulate cellular apoptosis (Garrido et al., 2001; Parcellier et al., 2003) and immunogenicity (Garrido et al., 2001 , Schmitt et al., 2007 .
Mammalian HSPs were initially classified into different families according to their molecular weights (kilodaltons). However, the increasing number of members of HSP families in the last few years has made it necessary to revise the nomenclature. More recently, Kampinga et al., (2009) proposed a new nomenclature of human HSP families. This nomenclature is based on the systematic gene symbols that have been assigned by the HUGO Gene Nomenclature Committee (HGNC) and are used as the primary identifiers in databases such as Entrez Gene and Ensembl. According to this, human HSPs are classified into the following families: HSPH (HSP110), HSPC (HSP90), HSPA (HSP70), DNAJ (HSP40), HSPB (small HSP) and the chaperonin families HSPD/E (HSP60/HSP10) and CCT (TRiC) (Kampinga et al., 2009) . However, the classic nomenclature is used in the most publications in mammals.
HSPD1/HSP60 is a chaperone that is primarly localized to the inner mitochondrial membrane and matrix, but in a variety of mammalian cells and tissues, 15 to 20% of cellular HSPD1/HSP60 is located in extramitochondrial sites, including the cytoplasmic face of the mitochondrial outer membrane, plasma membrane, Golgi compartments, endoplasmic reticulum, peroxisomes, cytoplasmic vesicles and granules (Soltys and Gupta 1996; Gupta and Knowlton 2002; Cappello et al., 2008) .
The HSPA/HSP70 family of chaperones is currently known to be comprised of at least 13 highly related proteins that are constitutively expressed in the cytoplasm of mammalian cells under normal conditions to maintain protein structure homeostasis and are induced upon environmental stress (Nollen and Morimoto, 2002) . For example, HSPA1A/HSP72, HSPA2/HSP70-2, HSPA6/HSP70B' and HSPA8/Hsc70 are primarily cytosolic, while HSPA9/Grp75/mortalin is associated with the mitochondria, and HSPA5/Grp78/BiP is located in the endoplasmic reticulum (ER) (Stetler et al., 2010) . After the thermal stress, the cells overexpress and transport HSPA/HSP70 proteins into the nucleus. Nuclear HSPA/HSP70 is required for cell survival after stress damage (Song et al., 2015) .
HSPC/HSP90 family contain both constitutive and inducible members, all of which are localized predominantly in various subcellular locations, including the cytosol, ER and mitochondria, but with different amounts in the nucleus. There are two major cytoplasmic isoforms of HSPC/HSP90, HSPC1/HSP90α (84 kDa) and HSPC3/HSP90β (86 kDa) (Sreedhar et al., 2004) . HSPC1/HSP90α is known as the stressinduced, cytoprotective isoform (Sreedhar et al., 2004) and after exposure to heat stress, HSPC1/HSP90α is more enriched in the nucleus (nuclear membrane) (Langer et al., 2003) . Langer et al. (2003) suggested that HSPC1/HSP90α nuclear staining was associated with the integrity of the nuclear envelope and the nuclear pore complexes. Cytoplasmic HSP90α has also been shown to play a major role in growth promotion and cell cycle regulation (Milarski and Morimoto, 1986; Jerome et al., 1993) . HSPC3/HSP90β typically has a more constitutive pattern of expression. Therefore, HSPC3/HSP90β is the major form of HSPC/HSP90 that is involved in normal cellular functions, such as maintenance of the cytoarchitecture, differentiation, and cytoprotection (Sreedhar et al., 2004) .
The HSPH (HSP110/105) family are the first of the HSPs identified, but little has been known about the function of family members or structural biochemistry. The HSPH (HSP110/105) is composed of four members, namely HSPH1 (HSP105), HSPH2 (HSPA4; APG-2; HSP110), HSPH3 (HSPA4L; APG-1) and HSPH4 (HYOU1/Grp170; ORP150; HSP12A) (Kampinga et al., 2009 ). HSPH1/HSP105, which has two isoforms, alpha and beta, is localized to the cytoplasm and nucleus of mammalian cells under both nonstressed and stressed conditions (Yasuda et al., 1995; Saito et al., 2007; . Saito et al. (2009) reported that HSPH1/HSP105α is expressed constitutively in the cytoplasm of mammalian cells and can be further induced by heat shock and other stressors, whereas HSPH1/HSP105β, an alternatively spliced form of HSPH1/HSP105α specifically localized in the nucleus, is strictly heat-inducible. These authors also stated that HSPH family proteins, along with HSPA/HSP70, may play an important role in the protection of cells against deleterious stressors (Saito et al., 2009) .
A growing body of evidence suggests that HSPs are produced and located in the mammalian reproductive tract, and they are involved in several processes essential for female reproduction. HSPs are implicated in the regulation of steroid function in the endometrium because HSPs bind to the ER and PR proteins and modulate their functions (Ramachandran et al., 1988; Pratt and Welsh, 1994; Tang et al., 1995; Koshiyama et al., 1995) . HSPs demonstrate specific expression profiles in the uterus during the menstrual cycle of humans (Koshiyama et al., 1995; Tabibzadeh et al., 1996; Komatsu et al., 1997; Tabibzadeh and Broome, 1999; Neuer et al., 2000; Lachance et al., 2007) and in the oestrous cycle of animal species, such as rats (Ciocca et al., 1996; Yuan et al., 2009) , mice (Ramachandran et al., 1988; Papaconstantinou et al., 2003) , and pigs (Gu et al., 2012) . In the early stages of pregnancy, these proteins are expressed in both the embryo and maternal decidua (Grigore and Indrei, 2001) . During the first trimester of pregnancy, HSPs can also be detected in the decidua, and they are detected in placental tissues throughout pregnancy (Neuer et al., 1996; Shah et al., 1998; Zigert et al., 1999; Sotiriou et al., 2004) . These studies reveal the important roles of HSPs in various biological responses in the uterus during the menstrual or sexual cycle and pregnancy, including those related to the steroid hormones and steroid hormone receptors. However, there are no published reports on the expression and cellular/subcellular localization of HSPs in the uterus during the postpartum involution period in humans and animals, due to the practical and ethical issues of collecting appropriate tissue samples. Therefore, the role of HSPs in postpartum uterine remodelling still remains enigmatic and animal models are necessary to decipher both the molecular and mechanical events associated with uterine involution. Rats have long been used as models of mammalian reproduction. The short oestrous cycle and gestation period and rapid uterine involution period within 5-6 days postpartum make the rat a suitable animal model for research on all aspects of reproductive biology. The involuting rat uterus is also useful for assessments of the regeneration and repair processes of the reproductive tract because epithelial regeneration occurs within 36 hours after parturition and the first postpartum ovulation occurs approximately 18 hours after parturition (reviewed in Hamid and Zakaria, 2013) . Postpartum uterine involution involves substantial tissue destruction and subsequent repair and remodelling. Therefore, this process has features in common with tissue injury and repair in other tissues (Salamonsen, 2003) . Recent studies (Atalay et al., 2009) have shown that HSPs play important roles in normal skin wound healing by modulating inflammation, cell proliferation, migration and collagen synthesis. Based on this evidence, it is tempting to hypothesize that the uterine involution conditions may generate a stressful environment for the uterine cells involved in the regeneration process and induce the expression of HSPs, which were originally identified as stress-responsive proteins. To clarify these issues, the present study investigated, by the immunohistochemistry, the spatial and temporal expression and localization patterns of four heat shock proteins (HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105) in the involuting rat uterus.
Materials and methods

Animals and tissue preparation
Female Wistar rats, 8-10 weeks old were purchased from the Hakan Çetinsaya Experimental and Clinical Research Center of Erciyes University, housed individually under standard environmental conditions (12L:12D cycle), and provided standard rat chow and water ad libitum.
The stages of the oestrous cycle were determined by examinations of vaginal smears. Female rats in oestrous were mated with males, and the day on which spermatozoa were observed in the morning vaginal smear was designated day 1 of pregnancy. A total of 20 timed-pregnant female rats were housed individually and observed daily for delivery. Twenty of the 20 animals in this study completed delivery of all pups on day 22 or day 23 of pregnancy. The day on which the pups were delivered was designated as day 1 postpartum (PP). After birth, the pups were housed with their dam during the entire experimental period and were allowed to suckle their dam. All pups were removed from their dams on the morning of each experiment. On days 1, 3, 5 and 10 postpartum (five rats per group), the animals were anesthetized with a mixture of ketamine hydrochloride and xylazine (80 mg/kg and 10 mg/kg, respectively, i.p.) and then sacrificed by cervical dislocation. Next, a longitudinal median incision was made in the abdomen, and the uterine horns were removed, immediately fixed in 10% formalin-alcoholic solution for 18 h, and processed for routine paraffin histology.
This study was approved by the Department of Experimental Animals Ethic Committee, University of Erciyes (approval number 10/27). During all experiments, efforts were made to minimize both animal suffering and the number of rats used.
Immunohistochemistry (IHC)
Histological and immunohistochemical analysis were performed on 5 μm thick tissue sections (three sections per slide) placed on charged poly-L-lysinecoated glass slides. The histological characteristics of the involuting uterus on each postpartum day were established by standard light microscopic evaluations of sections stained with modified Mallory's triple stain (Crossmon, 1937) in each postpartum day.
IHC was performed using a streptavidin-biotinperoxidase technique, as previously described (Liman et al., 2013) . In brief, the uterine sections were deparaffinized in xylene and rehydrated through a graded ethanol series (100, 100, 95, 80 and 70%) for 3 min each. Endogenous peroxidase was quenched with 3% hydrogen peroxide in methanol, and the antigens were retrieved by boiling in 10 mM citrate buffer (pH 6.0). Nonspecific binding was blocked with a blocking solution (Ultra V Block®, Thermo Fisher Scientific, LabVision Corporation, Fremont, CA, USA) for 5 min at room temperature. Next, the slides were incubated with the primary antibodies (Table 1) overnight at 4°C in a humid chamber. Then, the slides were washed in PBS, incubated with biotinylated anti-rabbit antiserum (Thermo Fisher Scientific Lab Vision, Fremont, USA) or biotinylated anti-goat antiserum (VECTASTAIN® Elite ABC-Peroxidase Kits (Goat) PK-6105) for 30 min, and washed in PBS. The sections were incubated with streptavidin peroxidase for 20 min or 30 min at room temperature and then washed with PBS. The bound antibodies were visualized using 3,3' diaminobenzidine tetrahydrochloride (DAB) as a chromogen (Thermo Fisher Scientific Lab Vision Corporation, Fremont, USA). Finally, the sections were counterstained with Gill's haematoxylin, dehydrated through an alcohol series, cleared in xylene, and mounted in Entellan with a cover slip.
Controls for Immunohistochemistry
The specificity of these antibodies has been tested by the suppliers. Furthermore, the specificity of the immunohistochemical procedures was checked using negative and positive controls. According to the manufacturer's recommendations, the sections obtained from archival blocks of human colon and breast carcinoma were incubated with primary antibodies as the positive controls. Negative control sections were incubated with nonimmune rabbit IgG (sc-2027, Santa Cruz Biotechnology, Santa Cruz, CA) or goat IgG (sc-2028, Santa Cruz Biotechnology, Santa Cruz, CA) instead of primary antibodies. All of the samples were treated according to the same protocol. Furthermore, for each protein, the samples from different postpartum periods were stained at the same time.
Quantification of immunoexpression
The uterine sections were assessed using an Olympus BX-51 microscope equipped with a digital camera (Olympus dp72; Olympus, Tokyo, Japan). Three different transverse sections of the uterine horn from each animal were first examined at low magnification (×10) to individually judge (NL) the quality of immunostaining, the cell labelling pattern, and potential histomorphological changes throughout postpartum period. Because HSP IHC scoring algorithms have not been optimized and standardized, in this study, the immunohistochemical staining was semiquantitatively evaluated using a score (intensity score, IS) based on the intensity of the nuclear and cytoplasmic staining (-, negative reactivity; +, weak staining; ++, moderate staining and +++, strong staining) (Detre et al., 1995; Li et al., 2014; Alan et al., 2015) . The cytoplasmic and nuclear staining was separately scored in four different layers (the luminal epithelium, glandular epithelium and endometrial stroma and myometrial smooth muscle cells) of the uterus. The immunostaining of the blood vessels in the endometrium was described without scoring. 
Results
As expected, human colon, breast carcinoma and placenta samples showed positive reactivity for all HSPs ( Fig. 1 ), whereas negative controls, which were performed for each antibody, showed no specific staining (Figs. 2-5).The cellular localization and immunostaining scores of HSPs within the uterine tissues are summarized in Table 2 . The expression levels of four heat shock proteins (HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105) were detected in the endometrial luminal and glandular epithelia, endometrial fibroblasts, macrophages, mast cells and myometrial myocytes, vascular endothelium and smooth muscle cells throughout the postpartum period. Each of the uterine tissues had distinctive patterns of HSP immunostaining and each of HSP exhibited different subcellular localization (Table 2 and Figs. 2-6 ).
On all postpartum days, HSPD1/HSP60 immunostaining was localized to the cell cytoplasm and was characterized by a punctate-granular pattern, whereas specific immunoreactivities for HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 were observed in the nucleus (in the nuclear membrane) and cytoplasm of uterine cells.
The immunolocalization of HSPD1/HSP60 in the rat uterus during postpartum involution Uterine luminal and glandular epithelium
The HSP60 immunostaining pattern in the luminal and crypt epithelia of the endometrium was changed in response to structural changes in the epithelial cells during the postpartum involution process. On postpartum day 1, punctate-granular immunostaining for the HSPD1/HSP60 protein was observed in the apical and basal cell cytoplasm and near the nuclear membrane of the luminal and crypt epithelium. On postpartum day 3, HSPD1/HSP60 immunostaining was detected in the apical and basal cytoplasm of crypt epithelium; however, due to the decreased cellular height, HSPD1/HSP60 immunostaining was only observed in the apical cytoplasm of the luminal epithelium. On postpartum day 5 and thereafter, coarsely punctate granular HSPD1/HSP60 immunostaining was localized to the apical and basal cytoplasm of the luminal and glandular epithelia. In addition, HSPD1/HSP60 immunostaining was also detected in the intraepithelial lymphocytes (Fig. 2) . c/+++, n/++ c/+++, n/++ c/+++, n/++ c, n/+++ c/+++, n/++ PP3 c/ac, +++, n/+++ c/+++, n/++ c/+++, n/++ c, n/+++ c/++, n/++ PP5 c/+++, n/+++ c/+++, n/++ c/+++, n/++ c, n/+++ gc/+++ PP10 c/+++, n/+++ c/++, n/++ c, n/+++ gc/+++ HSPC/HSP90 PP1 c/++, n/+++ c/++, n/++ c/+++, n/+++ c/++, n/+++ c/++, n/++ PP3 c/ac, ++, n/+++ c/++, n/++ c/++, n/++ c/++, n/+++ c/+, n/++ PP5 c/++, n/+++ c/++, n/++ c/++, n/++ c/++, n/+++ c/++, n/++ PP10 c/++, nh/+++ c/++, n/++ c/++, n/++ c/++, n/+++ c/++, n/++ HSPH1/HSP105 PP1 c/+++, n/+++ c/+++, n/++ c/+++, n/+++ c/+++, n/+++ c/++, n/+ PP3 c/ac, +++, n/+++ c/+++, n/++ c/+++, n/+++ c/+++, n/+++ c/++, n/+ PP5 c/+++, n/+++ c/+++, n/++ c/+++, n/+++ c/+++, n/+++ c/+++, n/+ PP10 c/lm, +++, n/+++ c/+++, n/+++ c/+++, n/+++ c/+++, n/+ Staining intensity: -, negative (no staining even at high magnification), +, weak (only visible at high magnification), ++, moderate (readily visible at low magnification), +++, strong (strikingly positive at low power magnification) staining. Subcellular localization of staining: c, cytoplasmic staining; n, nuclear membrane staining; nh, homogeneous nuclear staining; ac, apical cytoplasmic staining; bc, basal cytoplasmic staining; gc, punctate-granular cytoplasmic staining; lm, lateral membrane staining.
Uterine stroma
As the number of stromal cells, including endometrial fibroblasts and macrophages, within the uterine stroma on the first day of involution was reduced compared with the other postpartum days, the number of fibroblasts exhibiting positive immunoreactivity for HSPD1/HSP60 was also low (Fig.  2) . Between postpartum days 3 and 10, a dramatic increase in the number of fibroblasts showing positive immunoreactions for HSPD1/HSP60 was observed due to the concomitant decrease wall thickness of the stroma and the increase of fibroblast density. Beginning on day 5 after delivery, the HSPD1/HSP60-positive signal was also localized to one or two large granules immediately adjacent to the cell nucleus. On postpartum day 10, the number of HSPD1/HSP60 positive fibroblasts in the subepithelial stroma was increased compared with the deep stroma. During the entire postpartum involution period, the macrophages presented moderate granular cytoplasmic staining for HSPD1/HSP60. Furthermore, the mast cells present in the connective tissue surrounding the blood vessels in the deep endometrial stroma and the stratum vasculare of the myometrium showed strong cytoplasmic immunostaining for HSPD1/HSP60 (Fig. 6) . However, the immunolocalization pattern and immunostaining intensity of HSPD1/HSP60 in the fibroblasts, macrophages and mast cells did not change from day 1 to day 10, regardless of the postpartum day. The endothelium and smooth muscle cells of blood vessels in the uterine stroma exhibited positive immunoreactivity for HSPD1/HSP60 (Figs. 2 and 6 ).
Myometrium
Following day 3 after parturition, it was determined that the thickness of myometrium decreased with the advancement of postpartum days and reached a minimum on postpartum day 10, reflecting a reduction in the size of individual cells in the myometrium. On postpartum day 3, a large unstained region was observed next to the nucleus in the cytoplasm of myocytes by immunohistochemistry. On all of the postpartum days investigated, the myocytes of the inner and outer myometrium displayed strong immunoreaction for HSPD1/HSP60. The intensity of HSPD1/HSP60 immunostaining in the myometrium were not influenced by postpartum involution day (Fig.  2) .
The immunolocalization of HSPA/HSP70 in the rat uterus during postpartum involution Uterine luminal and glandular epithelium
The pattern of HSPA/HSP70 immunostaining in the luminal epithelium showed alterations that accompanied involution. On postpartum day 1, the nuclear immunolabelling for HSPA/HSP70 was localized to the nuclear membrane and the cytoplasmic immunostaining was observed throughout the cells of the luminal and crypt epithelium. On postpartum day 3, the intense cytoplasmic signal of HSPA/HSP70 was mainly localized to the crypt and glandular epithelium, whereas, weak cytoplasmic HSPA/HSP70 immunostaining was observed in the luminal epithelium. However, the nuclear HSPA/HSP70 immunostaining intensity was similar in the luminal, crypt and glandular epithelia. On postpartum day 5 and thereafter, the HSPA/HSP70 immunolabelling in the luminal epithelium was similar to that observed in the glandular epithelium (Fig. 3) .
Uterine stroma
During the entire postpartum involution period, whereas endometrial fibroblasts exhibited with a strong cytoplasmic and nuclear staining (Fig. 3) , the macrophages (Fig. 3 ) and mast cells (Fig. 6 ) produced a strong cytoplasmic staining for HSPA/HSP70. However, whereas the amount of HSPA/HSP70-immunopositive fibroblasts and macrophages increased with the advance of postpartum days and reached a maximum on postpartum day 10, the immunostaining intensity remained relatively stable throughout the postpartum period. Blood vessels exhibited a strong HSPA/HSP70 expression in endothelial and smooth muscle cells (Figs. 3 and 6) .
Myometrium
In the myometrium, the cytoplasmic and nuclear immunoreactivity for HSPA/HSP70 was of a strong intensity on day 1 of the postpartum period, and moderate on postpartum days 3, 5 and 10 (Fig. 3) .
The immunolocalization of HSPC/HSP90 in the rat uterus during postpartum involution Uterine luminal and glandular epithelium
The HSPC/HSP90 immunoreactivity in the endometrial epithelium exhibited different subcellular localization patterns in a time-dependent manner (Fig.  4) . The nuclear immunostaining for HSPC/HSP90 was more intense than the cytoplasmic staining in all cells. On postpartum day 1, the entire luminal epithelium produced moderate cytoplasmic immunostaining for HSPC/HSP90, whereas the nuclear immunostaining was localized to the nuclear membrane and was negative in some cells of the epithelium. During this period, the HSPC/HSP90 immunostaining in the endometrial glands with wide lumen was more intense than in the luminal epithelium and crypts. On postpartum day 3, although the luminal epithelium presented weak cytoplasmic and moderate nuclear HSPC/HSP90 immunoreactivity, the crypt and glandular epithelia exhibited moderate cytoplasmic and nuclear staining. On postpartum day 5, the intensity of HSPC/HSP90 cytoplasmic staining in the luminal epithelium was similar to that observed in the glandular epithelium. However, on postpartum day 10, the nuclear immunostaining intensity for HSPC/HSP90 always appeared to be distinctly stronger in the luminal epithelium than in the glandular epithelium and other cellular components of the uteri. Furthermore, the nuclear staining in the luminal epithelium was the typical "homogeneous" pattern of nuclear staining and was stronger on postpartum day 10 compared with the other days (Fig. 4) . 
Uterine stroma
In the endometrial stroma, the fibroblasts presented with moderate cytoplasmic and strong nuclear HSPC/HSP90 immunoreactivity, whereas macrophages (Fig. 4) and mast cells located around the blood vessels in the deep endometrial stroma and the stratum vasculare of the myometrium (Fig. 6 ) produced a strong cytoplasmic reaction throughout the postpartum involution period. Blood vessels exhibited a moderate cytoplasmic and strong nuclear HSPC/HSP90 expression in endothelial and smooth muscle cells (Figs.  4 and 6) .
Myometrium
In the myometrium, the HSPC/HSP90 immunoreactivity was moderately positive in the nucleus and cytoplasm of myocytes. This immunoreaction did not alter from days 1 to 10 of the involution (Fig. 4) .
The immunolocalization of HSPH1/HSP105 in the endometrial epithelium during postpartum involution Uterine luminal and glandular epithelium
During day 1 of the postpartum involution period, the entire luminal epithelium produced positive cytoplasmic and nuclear HSPH1/HSP105 staining, whereas negative cytoplasmic staining was observed in some cells of the epithelium on day 3 of the postpartum period. On postpartum days 5 and 10, this immunoreaction was observed in the nuclei and cytoplasm of the luminal epithelial cells and was intensified in the lateral membrane and reached a strong intensity. However, the immunoreactivity for HSPH1/HSP105 in the glandular epithelium did not vary during the postpartum period (Fig. 5) . 
Uterine stroma
During the entire postpartum involution period, the cytoplasm and nuclei of the stromal fibroblasts stained rather strongly (Fig. 5 ) and the macrophages (Fig. 5 ) and mast cells (Fig. 6) presented only moderate cytoplasmic immunostaining for HSPH1/HSP105.
Myometrium
On postpartum days 1 and 3 the myocytes of the inner and outer myometrium showed a weak nuclear and moderate cytoplasmic HSPH1/HSP105 immunoreaction, whereas on postpartum days 5 and 10, this immunoreaction intensified in the cytoplasm and reached a strong intensity (Fig. 5) . 
Discussion
The process of postpartum uterine involution is similar to that of the tissue repair in other organs (Salamonsen, 2003) . Because the proliferation that occurs during the tissue repair process requires a higher rate of protein synthesis and the protein folding quality control does not occur randomly in cells, but requires the action of specialized molecular chaperones such as heat shock proteins (HSPs) compartmentalized in subcellular microenvironments and organelles (Pechan, 1991) . The major role of HSPs is to prevent protein misfolding and aggregation both under normal conditions and when cells are exposed to stress (Hendrick and Hartl, 1993) . Therefore, determining the sub-cellular localization of a heat shock protein within a cell is often an essential step towards understanding its function. In the present study study, the cellular and subcellular localization of HSPs (HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105) in the endometrial and myometrial components of the rat uterus throughout the physiological involution process was analysed by immunohistochemistry.
In this study, the specificity of the immunohistochemical procedures and the cellular localization of HSPs were checked using positive control tissues such as human colon and breast carcinoma. In this positive control tissues, HSPD1/HSP60 immunostaining was localized to the cell cytoplasm and was characterized by a punctategranular pattern, whereas specific immunoreactivities for HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 were observed in the nucleus and cytoplasm of carcinoma cells. These data were in agreement with the immunohistochemical results obtained with colon and breast carcinoma cells as described in previous studies (Shah et al., 1998; Yano et al., 1996; Romanucci et al., 2008) . Similarly, in all cells of the involuting uterus, HSPD1/HSP60 immunostaining was present in the cytoplasm, often with a granular appearance, whereas HSPA/HSP70, HSPC/HSP90, and HSPH1/HSP105 immunostainings were localized in the nucleus (nuclear membrane) and cytoplasm. Furthermore, HSPH1/HSP105 immunoreactivity was also observed in the lateral membrane of the luminal epithelium on postpartum day 10, thus indicating the presence of membrane-bound HSPH1/HSP105. HSPD1/HSP60 mostly localized in the mitochondrial matrix, but localization in other cellular subcompartments have been reported (Soltys and Gupta, 1996; Gupta and Knowlton, 2002; Cappello et al., 2008) . In the present study, the subcellular localization of HSPD1/HSP60 was not examined by electron microscopy. However, the observation of the granular pattern of HSPD1/HSP60 immunoreactivity throughout the cytoplasm of uterine cells in the rat may indicate that HSPD1/HSP60 is located in the mitochondria and other cytoplasmic organelles.
Since it is known that HSPA/HSP70 is expressed in the cytoplasm of mammalian cells in normal conditions and transported into the nucleus after the stress (Song et al., 2015) , the presence of cytoplasmic and nuclear localization of HSPA/HSP70 in the rat uterine cells may supports the opinion that involution process creates a stressful microenvironment for the uterine cells and induces the nuclear localization of HSPA/HSP70 for cell survival after stress.
HSPC/HSP90 is constantly present at low level in normal tissues and is necessary for the early S phase of the cell cycle (Milarski and Morimoto, 1986; Jerome et al., 1993) . Furthermore, HSPC/HSP90 is localized predominantly in the cytoplasm, but with different amounts in the nucleus (Sreedhar et al., 2004) . The present study was performed using an anti-HSP90α/β polyclonal antibody to HSPC1/HSP90α and HSPC3/HSP90β to determine their presence and cellular localization in the involuting rat uterus. In this study, an association of the HSPC1/HSP90α and HSPC3/HSP90β with the nuclear membrane and cytoplasm was clearly observed. Thus, the cytoplasmic immunolocalization of HSPC/HSP90 isoforms in the involuting uterus suggests that HSPC1/HSP90α and HSPC3/HSP90β may be involved in many physiological processes, such as cell cycle control, cell proliferation, regulation of cell death and survival, and differentiation during the involution process as reported in previous studies (Milarski and Morimoto, 1986; Jerome et al., 1993; Sreedhar et al., 2004) . Furthermore, localization of HSPC/HSP90 in the nuclear membrane during the involution process may be related to the ability of HSPC/HSP90 to maintain the integrity of the nuclear envelope as suggested by Langer et al. (2003) .
Previous reports have shown that HSPH1/HSP105 is localized to the cytoplasm and nucleus of mammalian cells under both non-stressed and stressed conditions (Yasuda et al., 1995; Saito et al., 2007; . Consistent with these reports (Yasuda et al., 1995; Saito et al., 2007; , the nuclear and cytoplasmic localization of HSPH1/HSP105 protein was observed in the cells of involuting uterus.
It is known that HSPs have different functions, depending on their intracellular or extracellular location. Although extracellular or membrane-bound HSPs mediate immunological functions, intracellular HSPs have mainly a cytoprotective/antiapoptotic function (Lanneau et al., 2007; Schmitt et al., 2007) . Although HSPD1/HSP60 appears to have both pro-survival and pro-death functions (Chandra et al., 2007) , both HSPA/HSP70 and HSPC/HSP90 are anti-apoptotic HSPs, and their overexpression allows cells to survive in various conditions (Jolly and Morimoto, 2000; Garrido et al., 2001; Parcellier et al., 2003) . However, HSPH1/HSP105 may function as a pro-apoptotic factor (Yamagishi et al., 2002) or as an anti-apoptotic factor in mammals, depending on the cell types (Hatayama et al., 2001) . Nevertheless, the immunohistochemical data of present study could not determine the exact role of HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 in the uterine cells during involution process. However, based on information in the literature (Jolly and Morimoto, 2000; Garrido et al., 2001; Parcellier et al., 2003; Yamagishi et al., 2002; Hatayama et al., 2001) , it may be suggested that these intracellular HSPs may function as cytoprotective/anti-apoptotic factors and their expression allows uterine cells to survive in the physiological involution conditions. Additionally, it may be suggested that the nuclear reactivity could also mediate a protective function for the uterine cells, as the nuclear localization of HSPs is associated with cell stress and cell growth ( Knowlton and Salfity, 1996) .
Several reports have shown that the expressions and localizations of HSPs in the endometrium are different from each other and vary in accordance with the menstrual or oestrous cycle and pregnancy (Nip et al., 1994; Koshiyama et al., 1995; Tang et al., 1995; Tabibzadeh et al., 1996; Shah et al., 1998; Tabibzadeh and Broome, 1999; Lachance et al., 2007; Yuan et al., 2009; Chae et al., 2011; Jaiswal et al., 2013) . Previous studies of human endometrium (Nip et al., 1994; Koshiyama et al., 1995; Tabibzadeh et al., 1996; Tabibzadeh and Broome, 1999) have reported that the expression of the HSPC/HSP90 protein showed minimal changes throughout the menstrual cycle and the expression of HSPD1/HSP60 increased progressively during the late proliferative/early secretory phases, whereas the inducible form of HSPA/HSP70 did not undergo these changes. However, the study by Tabibzadeh et al. (1996) reported that the immunohistochemical staining failed to reveal significant changes in the immunoreactivity of HSPD1/HSP60, HSPA/HSP70 and HSPC/HSP90 throughout the menstrual cycle. Furthermore, in a previous study of rat uterus, Yuan et al. (2009) reported that the highest expression of HSPH1/HSP105 was observed on day 5 and day 6, around the time before and after implantation. In the present study, a semiquantitative scoring method was used to assess HSP immunostaining in the endometrial and myometrial compartments of the involuting uterus. Therefore, the expression levels of HSPs in the rat uterus during the postpartum involution period were not determined quantitatively. However, the semiquantitative data gathered in this study clearly revealed that expression levels and patterns of all examined proteins varied with the structural changes in the endometrium and myometrium during the involution period.
Some earlier studies have shown that immunoreactivity for HSPD1/HSP60 and HSPC/HSP90 is observed in both the epithelium and stroma of the human endometrium (Koshiyama et al., 1995; Tabibzadeh et al., 1996) , whereas HSPA/HSP70 is primarly expressed in the epithelial cells. Moreover, with the exception of a decrease in the intensity of HSPD1/HSP60 staining in the endometrial glands during the menstrual phase, there were no detectable changes in the immunoreactivity of HSPD1/HSP60, HSPA/HSP70 and HSPC/HSP90 during the menstrual cycle. However, Lachance et al. (2007) reported that HSPD1/HSP60 was expressed by luminal and glandular epithelial cells, but not stromal cells. One study examining HSPH1/HSP105 expression in the rat uterus during early pregnancy showed the time-dependent expression of HSPH1/HSP105 in the luminal, glandular epithelium and stromal cells of the endometrium (Yuan et al., 2009) . The immunohistochemical data of present study showed that HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 were expressed in the cells of luminal and glandular epithelia and stroma in the endometrium of the rat uterus during the postpartum involution period and the nuclear and cytoplasmic immunostaining intensities of all HSPs changed in the luminal epithelium during the postpartum period but remained relatively stable in the other endometrial components. For example, on postpartum day 3, although the luminal epithelium presented weak immunoreactivity localized to the apical part of cells due to the decreased cellular height of the luminal epithelium, the crypt and glandular epithelia produced strong immunostaining for all HSPs. Following day 5 after parturition, the immunoreactions in the luminal epithelium were more intense than the glandular epithelium because the epithelial cells lining the lumen were columnar and the vacuolization in the epithelium disappeared. In addition, in agreement with some findings from Tabibzadeh et al. (1996) , who reported that the nuclear staining for HSPC/HSP90 in the endometrial epithelium was more pronounced than the cytoplasmic staining during the entire menstrual cycle, the nuclear staining for HSPC/HSP90 in the luminal epithelium displayed the typical "homogeneous" pattern of nuclear staining, was more intense than the cytoplasmic staining, and was stronger on postpartum day 10 compared with the other days. These findings revealed that the expression patterns of HSPs in the epithelium varied with the morphological changes that occurred during the involution process.
Early studies conducted in the uterus showed that the expression levels of HSPs in the endometrial stromal cells differ from each other and vary according to the menstrual cycle (Tabibzadeh et al., 1996; Komatsu et al., 1997) and pregnancy (Yuan et al., 2009) . Although Lachance et al. (2007) reported that the stromal cells in the human uterus exhibited weak immunostaining for HSPD1/HSP60 and Komatsu et al. (1997) showed that the stromal cells in the functionalis layer of the human uterus were negative or very weakly positive for HSPA/HSP70 during both the proliferative and secretory phases, the findings of present study corroborate the expression of HSPD1/HSP60 and HSPA/HSP70 in stromal cells, including fibroblasts, endothelial cells in newly forming vessels, macrophages and neutrophils, in the rat uterus throughout the involution period. Furthermore, Komatsu et al. (1997) determined that the stromal cells in the human uterus are positive for HSPC/HSP90 throughout the menstrual cycle. Moreover, reports from other authors (Yuan et al., 2009) indicated that HSPH1/HSP105 staining is observed in the stromal cells immediately underneath the luminal epithelium in the rat uterus on day 4 and day 5 of pregnancy. In agreement with these reports (Komatsu et al., 1997; Yuan et al., 2009) , HSPC/HSP90 and HSPH1/HSP105 immunoreactivities were observed in fibroblasts of rat uterus throughout the involution period. This study also indicate that the number of immunopositive fibroblasts for each HSP increased with the advancement of postpartum days and reached a maximum on postpartum day 10.
Although, HSPC/HSP90 and HSPH1/HSP105 have been reported to be expressed in the endometrial stromal cells, the precise functions of HSPC/HSP90 and HSPH1/HSP105 in endometrial fibroblasts are unknown. However, several studies have shown that the elevated expression of HSPA/HSP70 and HSPC/HSP90 in dermal fibroblasts enhanced cell survival following heat shock (Liu et al., 1992) , and HSPC/HSP90 facilitates the migration of dermal fibroblasts and the maturation of the ECM, which are required for wound healing (Li et al., 2007) . Given the role of HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 in various cellular processes, such as controlling cell proliferation, survival, differentiation and apoptosis (Milarski and Morimoto, 1986; Sreedhar et al., 2004; Yuan et al., 2009) and the literature reports cited above (Liu et al., 1992; Li et al., 2007) , it may be suggested that the expression of HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 in the endometrial fibroblasts could be associated with the survival and mobility of these cells during the involution process.
It has been reported that monocytes and macrophages express several members of HSP family such as HSPD1/HSP60, HSPA/HSP70 and HSPC/HSP90 (Twomey et al., 1993; Sondermann et al., 2000; Oehler et al. 2001; Habich et al., 2002; Jin et al., 2002; Liang et al. 2007; Fagone et al., 2012) and HSPs play essential roles in antigen presentation and activation of macrophages (reviewed in Tsan and Gao 2009). The present study corroborates the localization of HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 in uterine macrophages, and the HSP expression occurs in an involution-dependent manner, because the number of HSP-positive endometrial macrophages increased with the advancement of postpartum days.
In the literature, there were few reports on the expression of HSPs in mast cells (MCs) (Cohen-Saidon et al., 2006; Shabelnikov et al., 2012) , and no information was reported regarding the expression of HSPs in the uterine MCs. Consequently the expression and functions of HSPs in uterine mast cells are unknown. Shabelnikov et al. (2012) have shown that HSPA/HSP70 immunoreactivity was present in situ in granules of mucosal and connective tissue MCs of rats that were not subjected to stress, but it was not expressed in MCs that were activated by stress factors. CohenSaidon et al. (2006) reported that the antiapoptotic function of Bcl-2 in MCs is dependent on its association with HSPC3/HSP90β. In agreement with the report from Shabelnikov et al. (2012) on rat mast cells, the present study indicates that the mast cells exhibited HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 positive cytoplasmic immunolabelling.
To the best of author knowledge, there is only one study illustrating the expression of HSPs in the myometrium. Komatsu et al. (1997) reported that although immunoreactivity for HSPA/HSP70 and HSPC/HSP90 was observed in myometrial myocytes in the human uterus throughout the menstrual cycle, the HSPA/HSP70 and HSPC/HSP90 mRNA and protein levels in the myometrium were significantly higher in the proliferative phase compared to those in the secretory phase. The current study showed marked expression of HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 in the myometrium of involuting uterus. However, it was detected that the intensities of HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 immunostaining in the myometrium did not influence by postpartum involution day, except for HSPH1/HSP105.
In conclusion, the results indicate that HSPD1/HSP60, HSPA/HSP70, HSPC/HSP90 and HSPH1/HSP105 in the uterus are expressed in a temporal and cell-specific manner and the localization patterns of these HSPs are influenced by morphological changes during the postpartum involution period. These data support the hypothesis that the uterine involution conditions may generate a stressful environment for the uterine cells and induce the expression of HSPs, and thus HSPs produced by uterine cells are involved in the remodelling and regeneration of the endometrium and the reduction in the size of the myometrial cells during the involution process. However, further investigations are still required to clarify the function of HSPs at both the cellular and molecular level in the involuting uterus.
